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DigitalWhy do some genes seem to respond in a ‘digital’, on/off manner to a graded
signal, while others produce an ‘analog’, graded response? A new study
suggests that the DNA-binding properties of transcription factors can strongly
influence the response patterns of gene networks.David S. Lorberbaum
and Scott Barolo*
Cells frequently need to change their
gene expression profiles in response to
external stimuli such as environmental
stresses or developmental patterning
signals. This is accomplished mainly
through cis-regulatory DNA
sequences, which contain binding sites
for transcription factors, proteins with
gene regulatory activities and binding
preferences for specific DNA motifs.
Signals received by the cell alter the
abundance or activity of certain
transcription factors, which directly
activate or repress expression of
specific target genes. Some signals
require a sharp on/off response when a
threshold has been reached, whileothers call for a graded response that is
proportional to the intensity of the
signal. A new study reported in
this issue of Current Biology by
Stewart-Ornstein et al. [1] addresses
how these different transcriptional
responses can be encoded in the
genome.
Many transcription factors have long
been known to bindDNAcooperatively,
and/or to activate transcription in a
highly synergistic manner, by diverse
in vitro and in vivo assays [2–8].
Synergy among transcriptional
activators is often essential for
describing precise patterns of gene
expression in multicellular organisms
[9–12]. For example, in the Drosophila
embryo, the Bicoid morphogen is
proposed to create sharp boundariesof target gene expression through its
high transcriptional cooperativity
[5,7,13] (but see [14] for a fascinating
update to that story). Countless
developmental enhancers have been
shown to rely on cooperative activation
to integrate graded signals into
seemingly ‘digital’ on/off patterns of
gene expression [10,15].
Sometimes, however, a proportional
response is called for. For example,
the expression levels of many yeast
genes are linearly correlated with
growth rate [16]. Cell–cell signaling
pathways, such as the pheromone
response system in yeast and
developmental patterning pathways in
animals and plants, often employ
negative feedback mechanisms to
produce transcriptional responses in
proportion to the intensity of the signal
[17,18]. Cellular responses to stress
and other environmental inputs are also
typically ‘analog’ in the sense that the
level of transcriptional response
increases with the amount of stimulus.
A 2010 study of the transcription factor
NF-kB suggested that non-cooperative
DNA binding to clusters of sites in
target enhancers underlies its ability
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Figure 1. DNA-binding properties of transcription factors (TFs) and their effects on target gene
expression.
Three characteristics of TF–DNAbinding that could favor graded, as opposed to sigmoidal, tran-
scriptional responses are (A) low binding affinity; (B) a high number of competing binding sites
throughout the genome; and (C) non-cooperative DNA binding. (D) Three TF–DNA binding sce-
narios and their proposed effects on the dynamic range of transcripitonal response. Left:
High-affinity TF binding sites are sensitive but can cause saturation of transcriptional output,
due tomaximal occupancy of regulatory sequences, at relatively low TF concentrations. Center:
Low-affinity TF binding sites can generate a linear response across a broad range of TF concen-
trations. Right: High cooperativity among TFs, at the level of DNA binding, produces a sigmoidal
response which is sensitive to low TF levels, but which has a limited dynamic range.
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R1055to generate graded responses to
inflammatory signals [19]. Thus,
an activator’s level of binding
cooperativity can help to determine
whether its transcriptional targets will
respond in an analog or digital
manner (Figure 1).
Stewart-Ornstein et al. [1] used a
cleverly engineered genetic system to
examine the transcriptional output of
Msn2, a key transcription factor in the
yeast general stress response. By
expressing a constitutively active
form of Msn2 under the control of
a hormone-inducible promoter,
and measuring the activity of
Msn2-regulated promoters driving
fluorescent reporters, they were able
to carefully titrate transcription factor
activity and quantify its effects on
gene expression across a range
of concentrations in vivo. Most
examined target genes show a graded,
analog response to increasing Msn2
activity, though, as might be expected,
the magnitude of the response
varies widely from gene to gene.
Cooperativity was measured by
mutating Msn2 binding motifs in the
promoter of a target gene, singly or
in pairs: the results showed that,
although nearby Msn2 binding events
are not completely independent of
one another, this transcription factor
is not highly cooperative at the
transcriptional level.
The authors then move beyond
cooperativity, demonstrating that
Msn2 has relatively low affinity for its
DNA binding motifs in vitro, and that
Msn2 motifs are relatively common in
the yeast genome. Both of these
properties, the authors argue, tend to
reduce the level of occupancy of
Msn2 at its target promoters, via
weak transcription factor–DNA
interactions at individual sites and by
sequestration of the protein by a
surplus of binding sites in the genome.
This proposition is cleverly tested by
making targeted substitutions to the
DNA-binding domain of Msn2 to
alter its DNA-binding specificity.
The engineered mutant Msn2 has
significantly higher in vitro binding
affinity for its new preferred sequence
motif than the wild-type protein has for
its binding site. In addition, the binding
motif preferred by mutant Msn2 is
considerably less frequent in the
genome than thewild-type binding site.
The authors’ model predicts that the
transcriptional output of this altered
transcription factor should no longer belinear, and indeed a synthetic reporter
gene showed a nonlinear, saturating
(but not sigmoidal) response to the
mutant Msn2.
Based on these findings,
Stewart-Ornstein and colleagues
propose that a combination of low
DNA-binding affinity (Figure 1A) and
high competition for genomic binding
sites (Figure 1B), in addition to low
cooperativity at the DNA-binding level
(Figure 1C), enable Msn2 to produce
graded transcriptional outputs among
its target genes in the general stress
response network. These properties
allow Msn2 target promoters to remain
unsaturated — that is, not fully
occupied by Msn2 at all binding
sites — across a broad dynamic rangeof transcription factor concentrations
(Figure 1D, center). By contrast,
high-affinity target promoters become
saturated (and thus unresponsive) at
relatively low levels of signal (Figure 1D,
left). Highly cooperative transcription
factors, meanwhile, can produce
sharp, sigmoidal response curves
resembling digital outputs (Figure 1D,
right) [5,6,12,19]. Both of these
saturable response profiles are
presumably undesirable in stress-
responsive genes. Taken as a whole,
the Msn2 transcriptional network is
highly complex and appears to be
subtly regulated atmany levels [20], but
this new report shows that, at least
at the level of DNA binding, simple
strategies can have dramatic effects.
Current Biology Vol 23 No 23
R1056References
1. Stewart-Ornstein, J., Nelson, C., DeRisi, J.,
Weissman, J.S., and El-Samad, H. (2013). Msn2
coordinates a stoichiometric gene expression
program. Curr. Biol. 23, 2336–2345.
2. Johnson, A.D., Meyer, B.J., and Ptashne, M.
(1979). Interactions between DNA-bound
repressors govern regulation by the lambda
phage repressor. Proc. Natl. Acad. Sci. USA 76,
5061–5065.
3. Giniger, E., and Ptashne, M. (1988).
Cooperative DNA binding of the yeast
transcriptional activator GAL4. Proc. Natl.
Acad. Sci. USA 85, 382–386.
4. Adams, C.C., and Workman, J.L. (1995).
Binding of disparate transcriptional activators
to nucleosomal DNA is inherently cooperative.
Mol. Cell. Biol. 15, 1405–1421.
5. Burz, D.S., Rivera-Pomar, R., Ja¨ckle, H., and
Hanes, S.D. (1998). Cooperative DNA-binding
by Bicoid provides a mechanism for
threshold-dependent gene activation in the
Drosophila embryo. EMBO J. 17, 5998–6009.
6. Veitia, R.A. (2003). A sigmoidal transcriptional
response: cooperativity, synergy and dosage
effects. Biol. Rev. Camb. Philos. Soc. 78,
149–170.
7. Lebrecht, D., Foehr, M., Smith, E., Lopes, F.J.,
Vanario-Alonso, C.E., Reinitz, J., Burz, D.S.,
and Hanes, S.D. (2005). Bicoid cooperative
DNA binding is critical for embryonic patterning
in Drosophila. Proc. Natl. Acad. Sci. USA 102,
13176–13181.
8. Stefflova, K., Thybert, D., Wilson, M.D.,
Streeter, I., Aleksic, J., Karagianni, P.,
Brazma, A., Adams, D.J., Talianidis, I.,Marioni, J.C., et al. (2013). Cooperativity and
rapid evolution of cobound transcription
factors in closely related mammals. Cell 154,
530–540.
9. Carey, M. (1998). The enhanceosome and
transcriptional synergy. Cell 92, 5–8.
10. Barolo, S., and Posakony, J.W. (2002). Three
habits of highly effective signaling pathways:
principles of transcriptional control by
developmental cell signaling. Genes Dev. 16,
1167–1181.
11. Arnosti, D.N., and Kulkarni, M.M. (2005).
Transcriptional enhancers: intelligent
enhanceosomes or flexible billboards? J. Cell.
Biochem. 94, 890–898.
12. Segal, E., and Widom, J. (2009). From DNA
sequence to transcriptional behaviour: a
quantitative approach. Nat. Rev. Genet. 10,
443–456.
13. Ma, X., Yuan, D., Diepold, K., Scarborough, T.,
and Ma, J. (1996). The Drosophila
morphogenetic protein Bicoid binds
DNA cooperatively. Development 122,
1195–1206.
14. Chen, H., Xu, Z., Mei, C., Yu, D., and Small, S.
(2012). A system of repressor gradients
spatially organizes the boundaries of
Bicoid-dependent target genes. Cell 149,
618–629.
15. Levine, M. (2010). Transcriptional enhancers in
animal development and evolution. Curr. Biol.
20, R754–R763.
16. Brauer, M.J., Huttenhower, C., Airoldi, E.M.,
Rosenstein, R., Matese, J.C., Gresham, D.,
Boer, V.M., Troyanskaya, O.G., and Botstein, D.
(2008). Coordination of growth rate, cell cycle,stress response, and metabolic activity in
yeast. Mol. Biol. Cell. 19, 352–367.
17. Yu, R.C., Pesce, C.G., Colman-Lerner, A.,
Lok, L., Pincus, D., Serra, E., Holl, M.,
Benjamin, K., Gordon, A., and Brent, R. (2008).
Negative feedback that improves information
transmission in yeast signalling. Nature 456,
755–761.
18. Rogers, K.W., and Schier, A.F. (2011).
Morphogen gradients: from generation to
interpretation. Annu. Rev. Cell. Dev. Biol. 27,
377–407.
19. Giorgetti, L., Siggers, T., Tiana, G., Caprara, G.,
Notarbartolo, S., Corona, T., Pasparakis, M.,
Milani, P., Bulyk, M.L., and Natoli, G. (2010).
Noncooperative interactions between
transcription factors and clustered DNA binding
sites enable graded transcriptional responses
to environmental inputs. Mol. Cell 37, 418–428.
20. Sadeh, A., Movshovich, N., Volokh, M.,
Gheber, L., and Aharoni, A. (2011). Fine-tuning
of the Msn2/4-mediated yeast stress responses
as revealed by systematic deletion of Msn2/4
partners. Mol. Biol. Cell 22, 3127–3138.Department of Cell and Developmental
Biology and Program in Cellular and
Molecular Biology, University of Michigan
Medical School, Ann Arbor, MI 48109, USA.
*E-mail: sbarolo@umich.eduhttp://dx.doi.org/10.1016/j.cub.2013.10.004
